Pulsatile GnRH secretion is an intrinsic property of GnRH neurons. Since increases in cAMP levels increase excitability and GnRH secretion in the GT1-1 GnRH cell line, we asked whether cAMP levels play a role in timing excitability and intrinsic pulsatile GnRH secretion. The expression of the cAMP-specific phosphodiesterase (PDE4D1) was used in a genetic approach to lower cAMP levels. 
R EPRODUCTIVE FUNCTION IN male and female mammals is regulated by the hypothalamic/pituitary/gonadal endocrine axis. The pulsatile release of GnRH is the driving force for the secretion of the gonadotropins, LH and FSH, from the anterior pituitary (1) . Understanding the molecular mechanisms regulating pulsatile GnRH secretion has been hampered by the low number of GnRH neurons, their scattered localization throughout the preoptic area in rodents, and the complexity of the afferent inputs. The development of the highly differentiated GT1 GnRH neuronal cell lines provided a model to study the signaling mechanisms involved in the complex regulation of GnRH secretion (2) . The cells express and process GnRH at high levels (2, 3) . The pulsatile release of GnRH is an intrinsic property of cultured GT1 cells (4) (5) (6) . Pulsatile GnRH secretion has been observed from endogenous GnRH neurons cultured from the olfactory placode of the monkey (7), rat (8) , and sheep (9) , although it must be noted that these cultures contain additional neuronal and glial elements in addition to GnRH neurons.
The secretion of GnRH from GT1 neurons was stimulated by elevations in intracellular cAMP (10) (11) (12) . Treatment of GT1 cells with dopamine or norepinephrine increased intracellular cAMP levels and stimulated GnRH secretion in a dose-dependent fashion (10, 11) . The GnRH-releasing effects of dopamine and norepinephrine are mimicked by pharmacologically increasing the intracellular cAMP levels with 8-bromo-cAMP or forskolin (FSK) treatment (12) .
The stimulation of GnRH secretion by elevated cAMP levels may be regulated via cAMP-gated cation channels. We showed that GT1 neurons express the three subunits that comprise the olfactory cyclic nucleotide-gated (CNG) channels (CNG 2, 4.3, and 5) and that the subunits form functional channels with similar electrophysiological properties to those observed in olfactory neurons (13, 14) . It is interesting that both the olfactory and GnRH neurons develop from the olfactory placode (15, 16) . The same three CNG channel subunits are also expressed in endogenous rat GnRH neurons (17) .
CNG channels appear to play an important role in regulating the excitability of GT1 neurons (14) . Elevations in cAMP levels increase Ca 2ϩ oscillations in GT1 neurons. Simultaneous on-cell patch clamp and fluorescence imaging studies show that Ca 2ϩ Abbreviations: Ad, Adenovirus vector; [Ca 2ϩ ]i, intracellular calcium concentration; CNG, cyclic nucleotide gated; FSK, forskolin; GFP, green fluorescent protein; PDE, phosphodiesterase; pfu, plaque-forming units.
oscillations in GT1-1 cells were preceded by action potential firing, supporting the idea that Ca 2ϩ oscillations are a reflection of neuron excitability (18) . Blockade of CNG channels with L-cis-diltiazem prevents the stimulation of Ca 2ϩ oscillations by increased cAMP levels (14) . Since depolarization of GT1 cells results in the opening of voltage-gated Ca 2ϩ channels and exocytosis of GnRH (6, 19) , these findings are consistent with the idea that CNG channels were involved in mediating cAMP-induced GnRH release.
Clearly, increasing cAMP levels increases GT1 cell excitability and GnRH secretion, but the effect of decreasing cAMP levels was not known. This question was particularly relevant concerning the role of cAMP levels in timing intrinsic GnRH pulsatility. Intracellular cAMP levels are lowered by hydrolysis by a family of cAMP-specific phosphodiesterases (PDE) (20) . We chose a genetic approach to lower cAMP levels by expressing the constitutively active, cAMP-specific PDE4D1 splice variant (21) . Stable transfection of MA-10 Leydig cells with PDE4D1 increased PDE activity in the cells and prevented the human chorionic gonadotropin-induced increase in cAMP and steroidogenesis (22) . We show that the expression of PDE4D1 in GT1 cells using an adenovirus vector substantially inhibited the FSK-induced stimulation of cAMP levels, Ca 2ϩ oscillations, and GnRH secretion. Supporting the hypothesis that cAMP levels participate in the timing of intrinsic pulsatile GnRH release, we demonstrate that expression of PDE4D1 inhibited spontaneous Ca 2ϩ oscillations and the frequency of spontaneous GnRH pulses.
RESULTS

PDE-Ad Infection of GT1 Cells
To decrease cAMP levels, we increased the expression of the constitutively active PDE4D1. Since only a small portion of GT1 cells are transiently transfected by available techniques, we used an Ad vector to direct expression to the majority of GT1 cells. Infection with the green fluorescent protein (GFP)-Ad at 5 plaque-forming units (pfu)/cell resulted in the expression of GFP in 90-95% of GT1 cells as indicated by fluorescence microscopy. Infection with up to 30 pfu/ cell had no discernable effect on the morphology of the cells. GT1-1 cells infected for 48 h with 10 pfu/cell of the PDE-Ad showed a 4.2-fold increase in PDE activity compared with the Null-Ad-infected control (Fig. 1A) . The PDE activity increased with the viral load [infection with 10 pfu/cell caused a significantly greater increase in PDE activity than with 5 pfu/cell (P Ͻ 0.05)]. The increased PDE activity was inhibited to values below basal levels in the wild-type (WT) cells by addition of Rolipram, a PDE4-specific inhibitor. The observation that endogenous PDE levels were also decreased by Rolipram treatment in WT cells was consistent with the findings that GT1-1 cells express PDE4B and PDE4D (23) . These data showed that the PDE-Ad vector was capable of infecting GT1 cells at low virus concentrations and that the increase in PDE activity by the PDE-Ad was due to the expression of PDE4D1.
We also asked whether infection with PDE-Ad decreased basal cAMP levels. GT1-1 cells were infected with increasing levels of the PDE-Ad (1, 2.5, 5, 10, and 20 pfu/cell) for 48 h. We measured the release of cAMP from the cells for a 30-min period. In many cells, including GT1 cells, increases in intracellular cAMP levels are mimicked by the rapid transport of cAMP into the culture medium (13, 24) . There was a dose- dependent inhibition of the release of cAMP from the PDE-Ad-infected cells that reached a maximum of 60% with 20 pfu/cell compared with the Null-Adinfected cells (P Ͻ 0.01) (Fig. 1B) .
Inhibition of FSK-Induced Increases in cAMP and GnRH Secretion
We then determined whether expression of the PDE-Ad would block the FSK-induced increase in cAMP accumulation and GnRH secretion. FSK increases the production of cAMP by stimulating adenylate cyclase activity. We previously reported that increased cAMP levels stimulated GnRH secretion in GT1-1 neurons, but we had not shown that inhibiting the FSK-induced increase in cAMP would prevent the stimulation of GnRH secretion. Infection with 10 pfu/cell of the PDE-Ad vector inhibited 90% of the FSK-induced increase in GnRH secretion relative to neurons infected with 10 pfu/cell of the Null-Ad vector ( Fig. 2A) . FSK-induced stimulation of cAMP release in PDE-Ad-infected neurons was only 48% of that observed in Null-Ad-infected neurons ( Fig.  2A) . In a second experiment using infection with GFP-Ad as a control, we obtained similar results (Fig. 2B) . Infection with 10 pfu/cell of the PDE-Ad inhibited 66% of the FSK-induced stimulation of GnRH secretion and 78% of the cAMP release. There was no significant effect of infection with the Null-Ad or GFP-Ad vectors on basal or FSK-induced GnRH or cAMP release relative to uninfected controls.
Inhibition of FSK-Induced Increases in Ca 2؉ Oscillations
GT1-1 cells show spontaneous Ca 2ϩ oscillations that are generated by spontaneous depolarizations and bursts of action potentials (18) . We had previously shown that FSK-induced increases in cAMP increased the number of Ca 2ϩ oscillations in GT1-1 cells (14) . We asked whether inhibition of the FSK-induced increases in cAMP by the PDE-Ad would inhibit the stimulation of Ca 2ϩ oscillations by FSK. A response to FSK was defined as a Ca 2ϩ oscillation frequency increase of at least 50% compared with baseline. In cells infected with PDE-Ad (5 pfu/cell), the percentage of neurons responding to FSK with an increase in the frequency of Ca 2ϩ oscillations was significantly reduced compared with GFP-Ad-infected neurons (47 Ϯ 12% of PDE-Ad cells vs. 87 Ϯ 7% of GFP-Ad cells, n ϭ 120 cells in four experiments for each condition, P Ͻ 0.03) (Fig. 3, A 
Inhibition of Spontaneous Ca 2؉ Oscillations
We performed additional experiments to quantify the inhibition of spontaneous Ca 2ϩ oscillations by infection with the PDE-Ad over extended time periods. Ca 2ϩ oscillations were defined as transient changes in fura fluorescence lasting at least 3 sec and with an amplitude of at least three times the baseline noise. GT1-1 neurons expressing PDE4D1 showed a significant reduction in the frequency of spontaneous oscillations in intracellular Ca 2ϩ concentration compared with control cells infected with an GFP-Ad vector (average 0.35 Ϯ 0.02 vs. 0.94 Ϯ 0.11 oscillations/min over 50 min, respectively, n ϭ 120 cells in four experiments for each condition, P Ͻ 0.001) (Fig. 4, A and B) . Data from cells infected with the Null-Ad vector were not significantly different from the GFP-Ad cells (not shown). These results demonstrated that lowering cAMP levels decreased spontaneous Ca 2ϩ signaling in GT1-1 cells, indicating reduced spontaneous excitability.
Inhibition of Spontaneous Pulsatile GnRH Release
Finally we determined whether infection with the PDE-Ad would affect spontaneous pulsatile GnRH release observed in perifused GT1-1 cells (Fig. 5) . In experiment 1, samples were obtained every 4 min from a chamber with a volume of 350 l, and in experiment two samples were obtained every 2 min from a chamber with a volume of 150 l. In both experiments infection with 5 pfu/ml of the PDE-Ad vector significantly inhibited the frequency of spontaneous GnRH pulses, interpulse interval, relative to the Null-Ad infected neurons (Table 1) . Infection with the Null-Ad had no significant effect on the frequency of GnRH pulses compared with uninfected GT1-1 neurons. Therefore, the decrease in spontaneous Ca 2ϩ oscillations after treatment with PDE-Ad correlated closely with a decrease in the frequency of spontaneous GnRH pulses. The mean peak amplitude in PDE-Ad-infected GT1-1 neurons was unaltered relative to the Null-Ad-infected neurons in both experiments (Table 1) . However, in experiment 2 but not experiment 1 there was a significant decrease (P Ͻ 0.01) in the mean peak amplitude in PDE-Ad-infected neurons relative to uninfected neurons. A significant decrease in mean peak amplitude was also observed between the Null-Adinfected neurons and the uninfected neurons in experiment 2. Therefore, no clear effect of PDE-Ad infection on GnRH pulse amplitude, independent of adenovirus infection, could be observed. It is important to point out that more pulses were detected in experiment 2 than in experiment 1. In experiment 2 more frequent samples were obtained (every 2 vs. 4 min). More frequent sampling can increase the observed frequency of pulses (26) . This increase in pulse frequency could also be related to the difference in the volumes of the chambers. In both experiments, GT1-1 cells were plated at similar densities on a single coverslip. Therefore, the concentration of putative paracrine factors involved in synchronizing pulsatile GnRH release might be different in the two chambers.
DISCUSSION
These findings support the hypothesis that the level of cAMP in GT1 GnRH neurons plays an important role in regulating the frequency of spontaneous Ca 2ϩ oscillations and GnRH pulses. Decreasing cAMP levels by expression of the PDE-Ad significantly decreased the frequency of Ca 2ϩ oscillations and spontaneous GnRH pulses. These findings are in close agreement with studies in the GPR-4 transgenic rat, where targeted expression of PDE4D1 to GnRH neurons resulted in a 2-to 3-fold decrease in the LH pulse frequency in castrated male and female rats (27) . In the study with transgenic rats it was hypothesized that expression of PDE4D1 lowered cAMP levels in the GnRH neurons. The findings in the current study strengthen this interpretation. The pacemaker currents underlying spontaneous bursts of Na ϩ -dependent ac- tion potentials observed in GT1 neurons are still poorly understood (18) . It has been hypothesized that several K ϩ conductances including inwardly rectified K ϩ channels may be involved (25) . CNG channels have also been identified in GnRH neurons including GT1 cells, and these channels may represent a pathway by which cAMP levels can directly modulate the excitability of GnRH neurons by altering the depolarizing drive that underlies spontaneous oscillations in membrane potentials (14) . A mathematical model of the spontaneous excitability of GT1 neurons that includes a cation conductance through cAMP-gated channels reproduces the experimental activity of GT1 neurons (28) . The decrease in excitability of GT1 neurons associated with expression of PDE4D1 closely correlated with a decrease in pulsatile GnRH release. The mechanism by which decreased excitability of individual neurons leads to inhibition of coordinated GnRH secretion from a large number of cells (pulse) are still poorly understood. In addition to oscillations in individual cells, increases in [Ca 2ϩ ]i also occur as intercellular Ca 2ϩ waves that are propagated across hundreds of GT1-1 neurons (18) . Coordination of the wave appears to involve gap junctions in GT1 cells (18) . The current data provide a link between decreased neuron excitability and decreased pulsatile GnRH release but do not speak directly to the mechanism involved in the coordination of GnRH pulses. One mechanism that was proposed for the timing of GnRH pulses was the paracrine feedback action of GnRH (29) . GnRH receptors were shown to be expressed on GT1-7 neurons . GnRH levels were measured by RIA in singlicate, and data were analyzed for pulsatile secretion using cluster analysis (*pulse). and a switching mechanism between GnRH receptors and Gs and Gi proposed to regulate cyclic changes in activation of adenylate cyclase (30) . Low levels of GnRH were reported to increase cAMP levels, whereas high levels inhibited cAMP levels. Although cyclical changes in cAMP are known to function as biological clocks (31), there is no clear evidence that cAMP levels cycle in GnRH neurons or GT1 cells. Global changes in cAMP levels may not be informative in answering this question. Recent data obtained by fluorescence resonance energy transfer analysis in living myocytes showed that ␤-adrenergic agonist-induced increases in cAMP levels occurred in discrete microdomains (32) .
A model for the pulsatile behavior of GnRH neurons, which predicts that a network of interconnected cells with periodic alterations in cell excitability would show pulsatile behavior, has been described (33) . This model does not require pacemaker cells. cAMP levels could constitute a timing mechanism for pulsatile GnRH release by periodically altering cell excitability. Alterations in cell excitability would make it more or less likely that a sufficient number of GnRH neurons concurrently depolarize to generate a pulse of GnRH.
The findings with the PDE-Ad in GT1 cells demonstrate the promise of this approach in overcoming problems associated with the transient expression of cDNAs in these cells. Even with low levels of virus, the vast majority of cells expressed the targeted protein.
Increased levels of PDE activity were obtained by infection with relatively low levels (5-10 pfu/cell) of Ad vectors that did not appear to have significant nonspecific effects on the cells. These data also demonstrate the effectiveness of the use of expression of PDE4D1 to decrease cAMP levels. This genetic approach should have wide application both in studies with cultured cells and in vivo in transgenic animals. One potential problem that must be kept in mind when using this approach is that at least 24-48 h post infection are necessary to obtain sufficient levels of PDE. During this time the prolonged decrease in cAMP could increase or decrease the level of expression of numerous genes.
The physiological significance of findings in GT1 cells must always be confirmed in animal experiments. In the case of the role of cAMP regulating the secretion of GnRH from endogenous neurons, the concurrence of the findings is impressive. The FSK-induced increase in cAMP levels in fragments of the rat median eminence stimulated GnRH release (34) as it does in GT1 cells. We have shown by in situ hybridization and double immunostaining that endogenous GnRH neurons express the same three CNG channel subunits expressed in GT1 cells (17) . Some mechanism must exist for GnRH neurons to coordinate secretion from the subset of neurons constituting a pulse. The median eminence is the only region in which large numbers of GnRH neurons can directly communicate through physical approximation or via paracrine mechanisms involving GnRH. Since the CNG channel subunit proteins are observed in GnRH nerve terminals in the median eminence, CNG channels could participate in the coordination of pulsatile secretion. As discussed earlier, the observation that expression of PDE4D1 in GT1-1 cells decreased the GnRH pulse frequency is in perfect agreement with the decrease in pulsatile LH secretion in GPR-4 transgenic rats (27) .
MATERIALS AND METHODS
Production of PDE-Ad, GFP-Ad, or Null-Ad Vectors
We used the Adeno-X Expression System (CLONTECH, Palo Alto, CA) to construct the Ad expression vectors. The PDE4D1 (obtained from Marco Conti) or enhanced GFP (CLONTECH) cDNAs were inserted into the pShuttle vector. The expression cassette from the pShuttle was excised and inserted into the Adeno-X viral DNA. For the Null-Ad the expression cassette containing no insert was ligated into the Adeno-X viral DNA. Recombinant Adeno-X viral DNA was purified and analyzed by restriction mapping to confirm that it contained the PDE4D1 and enhanced GFP cDNA. The recombinant adenoviral DNA was digested with PacI and transfected into HEK 293 cells by Lipofectamine 2000 (Life Technologies, Inc., Carlsbad, CA). Lysates were used to reinfect HEK293 cells for large-scale production. The virus was purified on two consecutive cesium chloride gradients, dialyzed, and titered (35) . The titer of the purified recombinant virus was determined in HEK 293 cells by a cell lysis assay in 96-well microtiter plates. The titer of viral preparations used in the studies ranged from 10 9 to 10 10 pfu/ml.
Static Culture Studies
GT1-1 cells (passages 19-23) were cultured on 10-cm culture plates in DMEM (Life Technologies, Inc.) supplemented with 5% fetal bovine serum (HyClone Laboratories, Inc., Logan, UT), 5% horse serum (HyClone Laboratories, Inc.), 100 U/ml penicillin, and 100 g/ml streptomycin. For static culture experiments, GT1-1 cells (100,000 cells per well) were plated on 24-well plates. At 30-40% confluency, cells were infected with 5-10 pfu/cell of PDE-Ad, GFP-Ad, or Null-Ad for 2 h. Forty-eight hours later, cells were preincubated for 30 min in Locke's medium (154 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl 2 , 1 mM MgCl 2 , 6 mM NaHCO 3 , 10 mM glucose, 2 mM HEPES) supplemented with 0.1% BSA and 20 M bacitracin. Drugs were added for 30 min in Locke's medium. Conditioned media were collected, centrifuged, boiled for 3 min, and stored at Ϫ20 C for RIA of GnRH and cAMP.
Perifusion Studies
Approximately 250,000 GT1-1 cells (passages [18] [19] [20] [21] [22] [23] [24] [25] were plated on Matrigel (Collaborative Biomedical Products, Bedford, MA) or laminin (Sigma, St. Louis, MO)-coated 25-mm plastic coverslips (Nulge Nunc International, Naperville, IL). At 50% confluency, cells were infected by 5 or 10 pfu/cell of PDE-Ad or Null-Ad for 48 h as above. Medium was replaced with Opti-MEM 24 h before sampling. One cell-coated coverslip was perifused in modified Sykes-Moore chambers (Bellco Glass, Inc., Vineland, NJ). The coverslip formed one side of the chamber, separated from the top of the chamber by an o-ring. The volume of the chamber was either 125 or 350 l depending on the thickness of the o-ring used. Cells were perifused at flow rates from 100-150 l/min with oxygenated Locke's medium. Chambers were washed for 60 min, and then samples were obtained every 4 min for 2 h with the 350-l chamber (experiment 1), and every 2 min for 3 h with the 125-l chamber (experiment 2). Each sample was boiled for 3 min and stored at Ϫ20 C for RIA. Analysis of the GnRH pulse data was performed using the hormone pulse analysis software Cluster 7. In experiments with samples obtained every 2 min from the 125-l chamber, cluster analysis was performed on measurements done in singlicate (36) . The coefficient of variation was determined from intraassay controls. In experiments with samples obtained from the 350-l chamber every 4 min, cluster analysis was performed on measurements done in duplicate. Cluster size or nadir was defined by three points that significantly increase or decrease with a t statistic of 3.
Imaging Ca 2؉ Oscillations
[Ca 2ϩ ]i was measured using a fluorescence video imaging system that was previously described in detail (37) . GT1-1 cells cultured on poly-D-lysine-coated glass coverslips were loaded with fura2 by incubation in 5 mM fura2-AM for 40 min. Coverslips were excited with a mercury lamp through 340-and 380-nm bandpass filters, and fluorescence at 510 nm was recorded through a ϫ10 or ϫ20 objective with a siliconintensified target camera or charge-coupled device camera to VHS videotape or to an optical memory disc recorder. Images were digitized, background subtracted, and shading corrected, after which [Ca 2ϩ] i was calculated on a pixel-bypixel basis by a Data Translation frame grabber and image analysis board (Data Translation, Marlboro, MA). Alternatively, fluorescence data recorded on the VHS videotape were digitized and analyzed with an Axon Image Lightning board and Axon Image Workbench software (Axon Instruments, Inc., Foster City, CA). Mini Analysis Program (Synaptosoft) and a peak detection program written with Labview (National Instruments, Austin, TX) were used to quantify the frequency and duration of fura2 fluorescence changes. The software program Transform (Research Systems Inc., Boulder, CO) was used to generate raster plots and line graphs of Ca 2ϩ data. Experiments were carried out in Hanks' balanced salt solution with 10 mM HEPES buffer (pH 7.4), at 22 C. Hanks' balanced salt solution consisted of in mM concentration: 136.9 NaCl, 0.34 Na 2 PO4, 5.6 KCl, 0.44 KH 2 PO 4 , 0.81 MgSO 4 , 1.26 CaCl 2 , and 5.5 D-glucose (Mediatech, Herndon, VA). FSK was applied by perifusion of the coverslips with at least 2 ml of buffer containing the agent.
PDE Assay
To measure PDE activity, cells were harvested in hypotonic homogenizing buffer [10 3 H]Adenosine was separated from other labeled molecules using Bio-Rad anion exchange resin (AG1-x2, 200-400 mesh, Bio-Rad Laboratories, Hercules, CA) and counted by liquid scintillation. Activity was expressed as nanomoles of cAMP hydrolyzed per min/mg of cellular protein. To identify the cAMP-specific phosphodiesterase activity, a specific inhibitor of the cAMP-specific PDE4, Rolipram (Sigma, St. Louis, MO), was added to the incubation mixture at a final concentration of 50 M.
GnRH RIA
Levels of GnRH in media from static culture and perifusion studies were determined by a RIA using rabbit polyclonal antibody R1245 (obtained from T. Nett). This antiserum is specific for intact GnRH (39) . Synthetic human GnRH (Sigma) was used both for iodination and as the standard. All samples from an experiment were analyzed in the same assay. The limit of detection of the assay was 0.25-25 pg/tube, and the intraassay coefficient of variation was 7.0%. The limit of detection of the assay was defined as 90% of maximal binding.
cAMP RIA
Levels of cAMP in the media, perifusates, and cell extracts were determined in duplicate with a RIA using a rabbit anticAMP polyclonal antibody (Calbiochem, San Diego, CA). Samples were acetylated with triethylamine-acetic anhydride (2:1). All samples from an experiment were analyzed in the same RIA in duplicate. The range of detection of the assay was 0.5-250 fmol/tube, and the intraassay coefficient of variation was 7.8%. The limit of detection of the assay was defined as 90% of maximal binding.
Statistical Analysis
All values are presented as the mean Ϯ SEM unless stated otherwise. All statistical analyses were performed by oneway ANOVA and unpaired t test. In one instance the percentage of cells showing an increase in Ca 2ϩ oscillations in response to FSK was statistically analyzed using the MannWhitney U test.
